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FUEL CELL SYSTEMS AND METHODS FOR
PROVIDING POWER AND COOLING TO AN
ENERGY-CONSUMING DEVICE

FIELD OF THE DISCLOSUR.

(L]

The present disclosure 1s directed to fuel cell systems for,
and methods of providing power and cooling to, an energy-
consuming device, and more particularly to tuel cell systems
and methods that utilize the endothermic process of desorb-
ing hydrogen gas from a volume of hydrogen storage material
to cool an energy-consuming device.

BACKGROUND OF THE DISCLOSURE

With today’s dependence on technology, such as telecom-
munications systems, computer systems, network systems,
etc., 1t may be detrimental 1f such systems lose power, and 1n
some 1nstances, even if just for a brief period of time. It 1s
known to provide backup power systems that automatically
tulfill the demand of an energy-consuming device, such as a
component of one of the alorementioned systems, when a
primary power source, such as an electrical grid, becomes
unavailable. It 1s also known to utilize fuel cell systems as
such backup power systems.

Electronics are often very temperature sensitive and also
may generate heat during use. Accordingly, they may require
cooling, and often may require a significant amount of cool-
ing, to prevent failure of the electronics. Such cooling typi-
cally requires operation of an electrically powered air condi-
tionming system, for example, a typical air conditioning system
that operates on a refrigeration cycle. However, such air con-
ditioning systems demand a large amount of power, and
together with the power requirements of the electronics them-
selves, may require a backup power system having an
extremely large capacity.

SUMMARY OF THE DISCLOSUR.

(L]

Fuel cell systems and methods according to the present
disclosure are configured to provide power to an energy-
consuming device and to cool the energy-consuming device
utilizing the endothermic process of desorbing hydrogen gas
from a hydrogen storage material, such as a hydride bed.
Accordingly, fuel cell systems according to the present dis-
closure include a fuel cell stack configured to produce an
clectrical output, a hydrogen storage device including a vol-
ume of a hydrogen storage material, and a heat exchange
system operatively connected to the hydrogen storage device
and configured to heat the hydrogen storage material to des-
orb hydrogen therefrom. The desorbed hydrogen gas may be
used for a variety of applications, including being delivered to
the fuel cell stack to produce an electrical output therefrom,
such as may be used to satisiy at least a portion of the applied
load from the energy-consuming device. Moreover, the heat
exchange system 1s operatively associated with the hydrogen
storage device to utilize the endothermic desorption process
to produce a cooled fluid stream for delivery to the energy-
consuming device for cooling thereof. In some examples of
tuel cell systems according to the present disclosure, the heat
exchange system utilizes heat from the energy-consuming
device to heat the hydrogen storage material for desorption of
hydrogen gas therefrom. In some examples, a closed loop
heat exchange system 1s provided that circulates air, or other
fluid, between the hydrogen storage device and the energy-
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2

consuming device. Other configurations of fuel cell systems
and corresponding methods are also disclosed herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of 1llustrative, non-exclusive
examples of fuel cell systems according to the present disclo-
sure, and with which methods according to the present dis-
closure may be utilized, schematically illustrated together
with an energy-consuming device and an optional hydrogen
source.

FIG. 2 1s a schematic diagram of additional illustrative,
non-exclusive examples of tuel cell systems according to the
present disclosure, and with which methods according to the
present disclosure may be utilized, schematically illustrated
together with an energy-consuming device, optional compo-
nents of fuel cell systems according to the present disclosure,
and related components.

FIG. 3 1s a schematic diagram of an illustrative, non-exclu-
stve example of a hydrogen source according to the present
disclosure including a steam reforming fuel processor that
may be used with or 1n fuel cell systems according to the
present disclosure, and with which methods according to the
present disclosure may be utilized.

FIG. 4 1s a schematic diagram of an illustrative, non-exclu-
stve example of a hydrogen storage device that may be used in
fuel cell systems according to the present disclosure, the
illustrated hydrogen storage device including more than one
hydride bed, and with which methods according to the present
disclosure may be utilized.

FI1G. 5 1s an 1sometric view of an illustrative, non-exclusive
example of a hydrogen storage device that may be used 1n fuel
cell systems according to the present disclosure, the 1llus-
trated hydrogen storage device including more than one
hydride bed, and with which methods according to the present
disclosure may be utilized.

FIG. 6 1s a detail view of a portion of the hydrogen storage
device of FIG. 5.

DETAILED DESCRIPTION AND BEST MODE
OF THE DISCLOSURE

Fuel cell systems according to the present disclosure are
schematically 1llustrated in FIG. 1 and are indicated generally
at 10. Fuel cell systems 10 according to the present disclosure
are designed to power one or more energy-consuming devices
12 and to cool the one or more energy-consuming devices
utilizing the endothermic process of desorbing hydrogen gas
from a hydrogen storage device 14, which may include at
least one hydride bed. Accordingly, fuel cell systems 10
include at least hydrogen storage device 14, one or more fuel
cell stacks 16, a hydrogen delivery conduit 18 for delivering
a hydrogen gas stream 19 from the hydrogen storage device
14 to the one or more fuel cell stacks 16, and a heat exchange
system 20 for heating the hydrogen storage device and/or
cooling the one or more energy-consuming devices. Some
tuel cell systems 10 may turther include, or be described as
including, a control system 22.

Energy-consuming devices 12 that are powered and cooled
by fuel cell systems 10 according to the present disclosure
may take any suitable form and may utilize the received
clectrical output for a variety of purposes. Illustrative, non-
exclusive examples of energy-consuming devices 12 include
clectronics that produce heat during operation and are tem-
perature sensitive 1in that they generally need to be maintained
below a threshold temperature for functional operation.
Sometimes, such electronics and other equipment may be
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housed within one or more enclosures. Accordingly, fuel cell
systems 10 according to the present disclosure may be con-
figured to power the equipment housed within the enclosure
while cooling the interior of the enclosure, and thus the equip-
ment 1tself. That 1s, energy-consuming devices may be
directly or indirectly cooled by tuel cell systems according to
the present disclosure. This cooling may be provided on a
variety of bases, such as continuously, periodically, intermit-
tently, responsive to the temperature of the energy-consuming,
device(s) (or an enclosure therefor), and/or responsive to an
clectrical grid or other primary power source being, or
becoming, unavailable to power an air conditioner or other
primary cooling device. Electronics and other equipment
used 1n telecommunications installations are illustrative, non-
exclusive examples of energy-consuming devices that may be
powered and cooled by fuel cell systems according to the
present disclosure, but other types and configurations of
energy-consuming devices, such as (but not limited to) com-
puters, computer networks, and other computing equipment,
are also within the scope of the present disclosure.

Hydrogen storage devices 14 according to the present dis-
closure are configured to store and selectively deliver or oth-
erwise release hydrogen gas, such as for use as a combustible
tuel and/or for use as a reactant to produce an electrical output
in one or more fuel cell stacks 16. Specifically, hydrogen
storage devices 14 according to the present disclosure may
include one or more vessels, or shells, 24, each vessel con-
taining a volume, or quantity, of hydrogen storage material 28
therein, such as in one or more hydride beds 26 capable of
storing an amount of hydrogen gas. The amount of hydrogen
gas that a hydrogen storage device 14 may store may be
referred to herein as the capacity of the hydrogen storage
device. As used herein, “hydride bed” refers to a volume of
hydrogen storage material that 1s configured to repeatedly and
selectively absorb and/or adsorb hydrogen gas, regardless of
whether any hydrogen gas 1s presently absorbed and/or
adsorbed by the hydrogen storage material. Absorption and
adsorption may collectively or individually be referred to
herein as sorption, and likewise absorbing and/or adsorbing,
may be referred to herein as sorbing and to absorb and/or to
adsorb may be referred to herein as to sorb.

Any suitable hydrogen storage material 28 that 1s config-
ured to selectively sorb hydrogen gas for storage in the hydro-
gen storage device and to selectively desorb hydrogen gas for
delivery to the one or more fuel cell stacks 16 via the hydro-
gen delivery conduit 18 1s within the scope of the present
disclosure. An illustrative, non-exclusive example of a suit-
able hydrogen storage material includes lithium nickel alloy
(e.g., LaNi.). Other metal alloys and non-metal hydrogen
storage materials are also within the scope of the present
disclosure. Representative examples of hydrogen storage
materials are generally classified mto five families: A, A,B,
AB, AB,, and AB., in which A 1s an early transition metal, a
rare-earth metal, or magnesium, and in which B 1s aluminum,
chromium, cobalt, 1rron, nickel or manganese. Other types of
hydrogen storage maternials are also within the scope of the
present disclosure, and the present disclosure 1s not limited to
the described five families. Typically during sorption by a
hydrogen storage material, depending on the properties of a
particular hydrogen storage material, hydrogen gas 1s first
dissociatively adsorbed on the surface of the storage material
and then hydrogen atoms diffuse into, or are absorbed by, the
hydrogen storage material. When sorbed, or dissolved, the
hydrogen atoms may take the form of a random, disorganized
solid solution or an ordered hydride structure, either of which
may allow for a high density volume of the hydride.
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Sorbing of hydrogen gas by a hydrogen storage material 1s
an exothermic process. Accordingly, to charge a hydride bed
with a volume of hydrogen gas at a given pressure, generally
heat must be removed from the hydride bed and the hydrogen
storage material. The removal of heat may be provided by an
air conditioning system, such as that delivers a cooled fluid
stream to the hydrogen storage device, or simply by ambient
air, depending on the temperature of the ambient environ-
ment. Other configurations for recharging the hydrogen stor-
age device with hydrogen gas are also within the scope of the
present disclosure.

Conversely, desorbing hydrogen gas from a hydrogen stor-
age material 1s an endothermic process, and therefore a heat
source may be used to promote release of hydrogen gas from
the hydrogen storage material and to thereby maintain the
hydride bed at a suitable temperature to continue the desorp-
tion of hydrogen gas aiter the endothermic process com-
mences. As discussed herein, heat exchange systems 20
according to the present disclosure are configured to provide
at least the necessary heat to selectively desorb hydrogen gas
from a hydride bed of a hydrogen storage device, and in some
examples (although not required to all examples) also provide
the necessary cooling of a hydride bed for selective sorbing of
hydrogen gas by the hydrogen storage material 1n the hydro-
gen storage device.

The sorbing and desorbing of hydrogen gas to and from a
hydrogen storage material may be expressed in terms of the
van’t Holl equation: In(P)=AH/RT-AS/R, in which P i1s the
dissociation pressure, AH 1s the change 1n enthalpy, R 1s the
gas constant, T 1s the absolute temperature, and AS 1s the
change 1n entropy. Accordingly, the direction of the hydrogen
gas sorption/desorption process may be determined both by
the temperature and the pressure of the hydrogen gas. At a
given temperature, 1f the pressure 1s above an equilibrium
pressure, hydrogen gas will be sorbed by the hydrogen stor-
age material, and if the pressure 1s below an equilibrium
pressure, hydrogen gas will be desorbed from the hydrogen
storage material. Conversely, at a given pressure, as may be
typical of a fuel cell system 10 according to the present
disclosure, 1f the temperature 1s below a threshold tempera-
ture, hydrogen gas will be sorbed by the hydrogen storage
matenal, and 11 the temperature 1s above a threshold tempera-
ture, hydrogen gas will be desorbed from the hydrogen stor-
age material.

Fuel cell stacks 16 according to the present disclosure
include at least one, and typically multiple, fuel cells 30 that
are configured to produce an electrical output from a source of
protons, such as hydrogen gas, and an oxidant, such as atir,
oxygen enriched air, or oxygen gas. This electrical output
additionally or alternatively may be referred to as an electric
current, a power output, and/or electricity that 1s produced by
the fuel cell stack. Accordingly, a fuel cell stack 16 may
produce an electrical current 32 from hydrogen gas delivered
from the hydrogen storage device 14 via the hydrogen deliv-
ery conduit 18 and a stream of air 34. As schematically
illustrated 1n FIG. 1, the electrical output 1s delivered to the
one or more energy-consuming devices 12 to at least partially
satisty an electrical demand, or load, of the one or more
energy-consuming devices. The electrical devices may addi-
tionally or alternatively be described as applying a load,
which may be referred to as an applied load, to the fuel cell
system and/or to the fuel cell stack therein, with the electrical
output of the fuel cell stack being used to satisfy at least a
portion, or even all, of the applied load. Illustrative, non-
exclusive examples of suitable fuel cells that may be used 1n
tuel cell stacks according to the present disclosure include
proton exchange membrane (PEM) fuel cells and alkaline
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fuel cells. Other examples include solid oxide fuel cells,

phosphoric acid fuel cells, and molten carbonate fuel cells.
As mentioned, heat exchange systems 20 according to the

present disclosure are configured to heat the hydrogen storage

device 14 to a suitable temperature for selective desorption of 5

hydrogen gas from a hydride bed and to cool the one or more
energy-consuming devices 12 utilizing the endothermic pro-
cess of the desorbing of hydrogen gas from the hydride bed.
For example, the heat exchange system may use the desorbed
hydration gas and/or a fluid stream 1n thermal communication
with the hydrogen storage device and/or the desorbed hydro-
gen gas to provide a cooled tluid stream for delivery as a heat
exchange stream to cool the one or more energy-consuming
devices. A heat exchange system 20 of a fuel cell system 10
may therefore be described as being operatively connected to
the hydrogen storage device to heat the hydride bed and the
hydrogen storage material therein to desorb hydrogen gas
therefrom, such as for delivery to the fuel cell stack. Addi-
tionally, heat exchange systems 20 according to the present
disclosure may be described as being operatively configured
to produce a cooled fluid stream 36 from the endothermic
process associated with desorbing hydrogen gas from the
hydrogen storage material. Accordingly, heat exchange sys-
tems 20 include a cooling conduit 38 for delivering the cooled
fluid stream 36 to the one or more energy-consuming devices,
as schematically 1llustrated 1n FIG. 1. Depending on the con-
figuration of a heat exchange system 20 according to the
present disclosure, the cooled fluid stream may be a cooled
liquid stream, a cooled gas stream, or a cooled fluid stream
that imcludes liquid and gaseous components. The cooled
fluid stream may be delivered for cooling the energy-consum-
ing devices without returning the stream to the heat exchange
system for recooling and reuse to cool the energy-consuming
device(s). It 1s also within the scope of the present disclosure
that the cooled fluid stream may form part of a closed loop
heat exchange system between the hydrogen storage device
and the one or more energy-consuming devices 12.

A heat exchange system 20 may obtain and deliver the
necessary heat for the selective desorption of hydrogen gas
from the hydrogen storage material from any suitable source,
which may be referred to herein as a heat source. For example,
a heating assembly 40 may be positioned adjacent to, and 1n
thermal communication with, hydrogen storage device 14,
may be positioned apart from, yet in thermal communication
with, hydrogen storage device 14, or may be within or even
integral to hydrogen storage device 14 to directly heat a
hydride bed 26 of the hydrogen storage device 14. Illustrative,
non-exclusive examples of suitable heating assemblies that
may be used to heat hydride beds include (but are not limited
to) electric resistance heaters and burners. In FIG. 1, heating,
assembly 40 1s schematically shown 1n an overlapping rela-
tionship with hydrogen storage device 14 to graphically rep-
resent that 1t 1s within the scope of the present disclosure that
heating assembly 40 may be located partially or completely
within hydrogen storage device 14, such as being at least
partially within vessel 24, and/or that at least a portion, or all,
ol the heating assembly may be located external the hydrogen
storage device. For example, as discussed herein, it 1s within
the scope of the present disclosure that a burner or other
heating assembly of an associated fuel processor may be used
to heat hydrogen storage device 14.

Additionally or alternatively, a heat exchange system 20
may include a heat delivery conduit 42 for delivering a heated
fluid stream 44 to the hydrogen storage device for the selec-
tive desorption of hydrogen gas from the hydrogen storage
material. Such a heated fluid stream may be heated from any
suitable source of heat, i1llustrative, non-exclusive examples
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6

of which are schematically illustrated in FIG. 1. For example,
as schematically illustrated at 46, the heated fluid stream may
deliver heat generated by a fuel cell stack 16 from the pro-
duction of the electrical output 32. Stated differently, when
the fuel cell stack 1s producing the electrical output, the fuel
cell stack also may be producing a heated fluid stream that 1s
delivered to the hydrogen storage device to heat the hydrogen
storage device and thus promote desorption of hydrogen gas
therefrom.

Additionally or alternatively, as schematically 1llustrated at
48, the heated fluid stream may deliver heat generated by an
energy-consuming device 12. That is, the one or more energy-
consuming devices 12, which are cooled by a fuel cell system
10, may provide the heat for the endothermic desorption
process that generates the cooled fluid stream 36 for cooling
the one or more energy-consuming devices. Additionally or
alternatively, as schematically 1illustrated at 50, the heated
fluid stream may deliver heat from a source other than a fuel
cell stack 16 and/or an energy-consuming device 12, 1llustra-
tive, non-exclusive examples of which include an ambient
environment adjacent the fuel cell system 10, a heating
assembly of a fuel processor, etc. Other sources of heat are
also within the scope the present disclosure. An illustrative,
non-exclusive example of such a heat source is a heat reser-
volr containing a volume of phase change material that may
be used as a thermal energy, or heat, source. This phase
change material may be heated by any suitable heat source
and/or mechanism, such as those discussed herein, and may
provide a thermal reservoir that may be used to provide heat-
ing of the hydrogen storage material.

Heated fluid stream 44 according to the present disclosure
may be in the form of a heated gas stream, such as a heated air
stream. Additionally or alternatively, heated fluid stream 44
may be in the form of a heated liquid stream. In either of such
examples, as mentioned, the heated fluid stream may (but 1s
not required to) form a closed loop heat exchange system 32
between the hydrogen storage device 14 and the one or more
energy-consuming devices 12. This 1s schematically repre-
sented 1n FIG. 1 by the illustrated closed loop extending into
the schematic representations of the hydrogen storage device
14 and the one or more energy-consuming devices 12, and
including heated flud stream 44 and cooled fluid stream 36.
As used herein, “closed loop heat exchange system”™ 1s not
limited to systems 1n which the heat transfer tluid 1s hermeti-
cally sealed within a closed loop of fluid conduits. For
example, a heat exchange system 20 that utilizes air from an
enclosure of one or more energy-consuming devices to form
the heated fluid stream 44, which subsequently 1s returned to
the enclosure 1n the form of the cooled fluid stream 36, is
within the scope of a closed loop heat exchange system, even
if the enclosure of the one or more energy-consuming devices
1s not hermetically sealed from the ambient environment and
some atr 1s gained and/or lost from/to the ambient environ-
ment 1n, or adjacent to, the enclosure. Accordingly, 1t 1s within
the scope of the present disclosure that a closed loop heat
exchange system may refer to a heat exchange system 1n
which at least a portion of the heat transfer fluid 1s recycled
between the hydrogen storage device and the one or more
energy-consuming devices.

In examples of fuel cell systems 10 according to the present
disclosure 1n which a cooled air stream 1s delivered to the one
or more energy-consuming devices 12, atleast a portion of the
air that forms the cooled air stream may be drawn from an
ambient environment adjacent the fuel cell system, such as
schematically 1llustrated as an air stream 54 1n FIG. 1. Air
stream 54 may (but 1s not required to) contribute at least
partially to the heating of the hydrogen storage material for
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desorption of hydrogen gas therefrom and thus the cooling of
the air stream 54 to become cooled fluid stream 36. That 1s,
when an air stream 34 1s utilized by a fuel cell system 10, an
additional source of heat, separate and apart from the air
stream 34, may also contribute to the heating of the hydrogen
storage material for desorption of hydrogen gas therefrom.

As mentioned, fuel cell systems 10 according to the present
disclosure may (but are not required 1n all embodiments to)
include a control system 22. Control systems 22 are config-
ured to control, or regulate, during operation of a fuel cell
system 10, at least one or more of sorption of hydrogen gas by
the hydrogen storage material 28, desorption of hydrogen gas
from the hydrogen storage material 28, delivery of hydrogen
gas to the fuel cell stack 16, heating of the hydrogen storage
maternial 28, and delivery of the cooled fluid stream 36 to the
one or more energy-consuming devices 12. Control systems
22 according to the present disclosure may additionally or
alternatively control other aspects of fuel cell systems 10.
I[llustrative, non-exclusive examples of actions that may be
controlled, or regulated, by a control system include (but are
not limited to) the mitiation, rate, and/or cessation of delivery
(1) of the heated fluid stream to the hydrogen storage device,
(11) of the cooled fluid stream to the one or more energy
consuming devices, (111) of hydrogen gas to one or more of the
hydrogen storage device and the tuel cell stack, (iv) of elec-
trical current to the one or more energy-consuming devices
and/or other components of, or related to, fuel cell systems
10, etc.

Control systems 22 according to the present disclosure
may include one or more of valves, conduits, regulators,
manifolds, controllers, sensors, electronics, software, com-
puters, wires, and/or other components suitable for regulating
or otherwise controlling various aspects of fuel cell systems
10 according to the present disclosure. Accordingly, a “con-
trol system,” as used herein, may be defined to include one or
more other components or portions of other components of
tuel cell systems 10. For example, a control system 22 may be
defined to include conduits leading to and from the hydrogen
storage device, such as the hydrogen delivery conduit 18, the
cooling conduit 38, the heat delivery conduit 42, etc., con-
duits leading to and from the one or more energy-consuming
devices 12, etc. That 1s, a control system 22 of a fuel cell
system 10 may include structure that 1s separately defined
herein, and a control system 22 of a fuel cell system 10
according to the present disclosure should not be interpreted
necessarily as a stand-alone component of a fuel cell system
10, for example, when recited 1n a claim herein, although 1t 1s
within the scope of the present disclosure that 1t may (but 1s
not required to be) so implemented.

Fuel cell systems 10 according to the present disclosure
may additionally (but are not required to) include a hydrogen
source 56. As schematically 1llustrated 1n FIG. 1, hydrogen
source 56, when present, may be configured to supply, or
selectively supply, a hydrogen gas stream 58 (which also may
be referred to herein as a hydrogen stream 58) to one or both
of the hydrogen storage device 14 and the one or more fuel
cell stacks 16. That 1s, a hydrogen source 56 according to the
present disclosure may be a source of hydrogen gas for stor-
age 1n the hydride bed 26 of the hydrogen storage device 14
and/or may be a source ol hydrogen gas for delivery to the one
or more fuel cell stacks 16 without such hydrogen gas first
being stored 1n the hydrogen storage device. This 1s schemati-
cally represented by a first optional hydrogen delivery stream
60 illustrated 1n FIG. 1 between the hydrogen source 36 and
the hydrogen storage device 14, and a second optional hydro-
gen delivery stream 62 illustrated in FIG. 1 between the
hydrogen source 56 and the one or more fuel cell stacks 16.
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Illustrative, non-exclusive examples of suitable hydrogen
sources 56 according to the present disclosure include vol-
umes of stored hydrogen gas, such as stored in a pressure
vessel or other storage device or hydrogen reservoir, and fuel
processors that are configured to generate hydrogen gas, for
example from a carbon-containing feedstock and/or water.
Other configurations of hydrogen sources are also within the
scope of the present disclosure.

In some examples of fuel cell systems 10 according to the
present disclosure, a hydrogen source 56 may deliver hydro-
gen gas, such as 1n a hydrogen gas stream 58, to the hydrogen
storage device 14 and/or a fuel cell stack 16 1n response to a
predetermined criterion. For example, when the amount (e.g.,
volume, mass, etc.) of hydrogen gas stored 1n a hydride bed
falls below a predetermined threshold (as may be detected via
any suitable mechanism and with any suitable device), the
hydrogen source may selectively supply hydrogen gas to the
hydrogen storage device to recharge a hydride bed therein.
Additionally or alternatively, when the amount of hydrogen
gas stored in a hydnide bed falls below a predetermined
threshold, the hydrogen source may selectively supply hydro-
gen gas to a fuel cell stack 16, such as to at least partially or
even completely satisty the fuel cell stack’s demand for
hydrogen gas. For example, a control system 22 according to
the present disclosure may be configured to selectively
deliver hydrogen gas from the hydrogen source to the one or
more fuel cell stacks 1n response to the hydrogen storage
device containing insuificient hydrogen gas to satisly a
hydrogen demand of the fuel cell stack to satisty a load
applied by the energy-consuming device. Additionally or
alternatively, optional control system 22 may be configured to
selectively deliver hydrogen gas from the hydrogen source to
the hydrogen storage device when an amount (e.g., volume or
mass) of hydrogen gas sorbed by the hydrogen storage mate-
rial falls below a predetermined threshold.

Additional illustrative, non-exclusive examples of other
criterion include (but are not limited to) a threshold (applied)
load that 1s applied by the one or more energy-consuming
devices 12 to the one or more fuel cell stacks 16, a capacity, or
output, of the one or more fuel cell stacks 16, a capacity, or
output, of the hydrogen storage device 14, and a capacity, or
output, of the hydrogen source 56. As used herein, a capacity
of a fuel cell stack refers to an electrical output by a fuel cell
stack under given conditions, which may include the load of
the one or more energy-consuming devices, the availability of
hydrogen gas from the hydrogen storage device, the availabil-
ity oThydrogen gas from the hydrogen source, the availability
of an electrical output from an associated battery or batteries,
and/or other conditions of fuel cell systems 10, components
thereof, and/or of related systems or components. As used
herein, a capacity of a hydrogen storage device may refer to
the availability of an amount of hydrogen gas at a given flow
rate under given conditions of fuel cell systems 10, of com-
ponents thereof, and/or of related systems or components.
Illustrative, non-exclusive examples of conditions associated
with one or more components of a fuel cell system include
(but are not limited to) the operating state of one or more
various components of a fuel cell system 10, predetermined
values, thresholds, and/or ranges of values of such illustra-
tive, non-exclusive conditions as ambient environmental con-
ditions and/or internal conditions of a component such as
temperature and pressure, volume and/or mass of hydrogen
stored 1n the hydrogen storage device, etc. As such, a “given”
condition may refer to a current (or present) condition, a
predetermined condition, a threshold condition, etc. without
departing from the scope of the present disclosure. Other
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criteria for determining selective supply of hydrogen gas
from a hydrogen source are also within the scope of the
present disclosure.

Referring now to FIG. 2, additional 1llustrative, non-exclu-
stve examples of Tuel cell systems 10 according to the present
disclosure are schematically illustrated, including the sche-
matic 1llustration of various optional components of fuel cell
systems 10 and/or of various associated components, struc-
ture, and/or systems. Specifically, as schematically illustrated
in FIG. 2, a fuel cell system 10 according to the present
disclosure may (but 1s not required to) include one or more of
a controller 64 and one or more batteries 66. Additionally or
alternatively, a tuel cell system 10 may include or may be
configured to operate 1n conjunction with an air-conditioning
system 68 for cooling, or normally cooling, the one or more
energy-consuming devices as schematically illustrated at 70,
an auxiliary electrical generator 72 (e.g., a generator includ-
ing a gasoline or diesel fueled internal combustion engine)
configured to alternatively or supplementally provide power
to the one or more energy-consuming devices as schemati-
cally illustrated at 74, a supplemental cooling assembly 76,
and a primary power source 78 configured to normally pro-
vide power to the one or more energy-consuming devices, as
schematically illustrated at 80. Illustrative, non-exclusive
examples of a suitable primary power source 1include an elec-
trical grid, a solar power source, a wind power source, a
hydroelectric power source, etc. Other primary power sources
are also within the scope of the present disclosure.

Fuel cell systems 10 according to the present disclosure
may (but are not required to) be used as back-up power
systems for the one or more energy-consuming devices, for
example, when a primary power source 78, such as an elec-
trical grid, 1s or becomes unavailable to provide power to the
one or more energy-consuming devices 12 and/or unavailable
to power an associated air conditioning system 68 used for
cooling the one or more energy-consuming devices, as
optionally and schematically 1llustrated 1n FIG. 2. That 1s, a
primary power source 78 may be configured to normally
power the one or more energy-consuming devices, as well as
to normally power an air conditioning system 68, as sche-
matically 1llustrated at 82. In such a configuration, the air
conditioning system that 1s powered by the primary power
source may be referred to as the primary cooling system, and
the heat exchange system associated with the hydrogen stor-
age device may optionally be referred to as a backup, or
auxiliary, cooling system.

Additionally or alternatively, as discussed herein, and as
schematically illustrated at 84, an air conditionming system 68
may be powered by a fuel cell stack 16 of a fuel cell system 10
according to the present disclosure, for example, when the
primary power source becomes unavailable to do so. By
“unavailable,” 1t 1s meant that the primary power source is not
able to provide the power, or electrical output, required by the
air conditioning and/or other energy-consuming device. As
illustrative, non-exclusive examples, a primary power source
may be unavailable if 1t 1s malfunctioning, shutdown, electri-
cally disconnected from (the air conditioning system), and/or
overloaded. Additionally or alternatively, an air conditioning
system 68 may be used to selectively cool the hydrogen
storage device 14 to at least partially facilitate the exothermic
process of sorbing hydrogen gas by hydrogen storage mate-
rial when a hydride bed 1s being recharged with hydrogen gas,
as schematically illustrated at 86.

As used herein, “air conditioning system” encompasses
any suitable cooling device(s) configured to normally cool the
one or more energy-consuming devices when a primary
power source 1s available to power the air conditioning sys-
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tem. Illustrative, non-exclusive examples of suitable air con-
ditioning systems that may be used to cool one or more
energy-consuming devices include (but are not limited to)
systems that operate on a refrigeration cycle, systems that
utilize evaporative cooling, efc.

In addition to, or as an alternative to, utilizing an air con-
ditioning system 68 for normal cooling of the one or more
energy-consuming devices 12 during periods in which a pri-
mary power source 78 1s available to power the one or more
energy-consuming devices, a supplemental cooling assembly
76 may be provided to cool and/or supplement the cooling of
the one or more energy-consuming devices, by absorbing, or
drawing, heat therefrom, as schematically indicated at 88 1n
FIG. 2.

A supplemental cooling assembly 76 may be defined as a
component of a heat exchange system 20 according to the
present disclosure, and therefore, 1n some examples, may
supplement the cooling of the one or more energy-consuming,
devices provided by the endothermic process of the selective
desorption of hydrogen gas from a hydride bed 26. That 1s, a
supplemental cooling assembly 76 may supplement the cool-
ing of an air conditioning system 68 and/or supplement the
cooling effectuated by the hydrogen storage device. In some
examples, a cooled fluid stream 90 may be produced for
cooling the one or more energy-consuming devices; however,
it 1s within the scope of the present disclosure that the supple-
mental cooling assembly passively provides cooling to the
one or more energy-consuming devices simply by absorbing
heat therefrom.

An 1llustrative, non-exclusive example of a supplemental
cooling assembly 76 that may be utilized with fuel cell sys-
tems 10 according to the present disclosure includes a volume
of phase change material 92 configured to passively cool the
one or more energy-consuming devices when the phase
change material changes phase. Supplemental cooling
assemblies that include a volume of phase change material
may also be referred to as latent heat storage units and/or
passive cooling systems. Latent heat storage units typically
operate by absorbing heat from an environment to be cooled
causing the phase change material to change from a solid
phase to a liquid phase. Latent heat storage units must there-
fore be occasionally recharged, or cooled, so that the phase
change material changes back to a solid phase from a liquid
phase and thus can once again absorb heat from an environ-
ment to be cooled, such as associated with the one or more
energy-consuming devices. This cooling of the phase change
material 1s schematically represented 1n FIG. 2 at 94. Such
cooling may be provided from any suitable source. For
example, the supplemental cooling assembly may be opera-
tively connected to the hydrogen storage device, such that at
least a portion of the cooled fluid stream 36 1s selectively
delivered to the supplemental cooling assembly to cool the
volume of phase change material. That 1s, a control system 22
according to the present disclosure may be configured to
selectively deliver at least a portion of the cooled fluid stream
36 to the supplemental cooling assembly to cool the volume
of phase change maternial. Additionally or alternatively, the
supplemental cooling assembly may be operatively con-
nected to an air conditioning system 68, when present, and/or
be cooled by the air conditioning system simply by its prox-
imity to, or within, an enclosure associated with the one or
more energy consuming devices. Other configurations are
also within the scope of the present disclosure.

Additionally or alternatively, when present, a supplemen-
tal cooling assembly 76 may be operatively connected to the
hydrogen storage device, and the heat exchange system 20
may be configured to deliver heat from the supplemental
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cooling assembly to the hydrogen storage device to desorb
hydrogen gas from the hydrogen storage material, such as for
delivery to the one or more fuel cell stacks and/or to generate
the cooling to provide a cooled fluid stream. For example, and
as mentioned, a supplemental cooling assembly that utilizes a
volume of phase change material must occasionally be
recharged, or cooled. When the volume of phase change
material 1s cooled, heat 1s drawn away from the phase change
material. This heat may be utilized by heat exchange systems
20 according to the present disclosure to heat the hydrogen
storage material for desorption of hydrogen gas therefrom.

Additionally or alternatively, heat exchange systems 20
according to the present disclosure may be configured to
selectively deliver heat from the one or more fuel cell stacks,
when the fuel cell stacks are producing an electrical output.
That 1s, the supplemental cooling assembly may additionally
or alternatively absorb heat generated by the production of
clectricity by the fuel cell stacks. Additionally or alterna-
tively, heat exchange systems according to the present disclo-
sure may include a heating assembly configured to produce a
heated fluid stream for delivery to the supplemental cooling
assembly to heat the volume of phase change material. Other
configurations are also within the scope of the present disclo-
sure.

A fuel cell system 10 utilized as a backup power system
may (but 1s not required to) include one or more batteries 66
that are available to at least temporarily fulfill the electrical
demand, or applied load, of the one or more energy-consum-
ing devices 12, for example, during a start-up period of the
tuel cell system or during periods in which the fuel cell
stack(s) lack the capacity to fulfill the applied load of the one
or more energy-consuming devices. Additionally or alterna-
tively, one or more fuel cell stacks 16 may be used to recharge
the one or more batteries, for example, during periods in
which an electrical output of the fuel cell stacks exceeds an
applied load from the one or more energy-consuming
devices. Stated differently, a control system 22 of a fuel cell
system 10 may be configured so that one or both of a fuel cell
stack and a battery provide power to the energy-consuming
device 1in response to a predetermined criterion. Accordingly,
FIG. 2 schematically illustrates at 96 and 98 that current may
flow from the one or more fuel cell stacks 16 to and from the
battery, as well as from the one or more fuel cell stacks and the
one or more batteries to the one or more energy-consuming
devices, respectively. Other suitable predetermined criteria
may be used without departing from the scope of the present
disclosure. Examples of backup power systems that utilize
tuel cell stacks and batteries are disclosed 1n U.S. Pat. No.
7,250,231 and U.S. Patent Application Ser. No. 61/186,732,
the contents of which are hereby incorporated by reference.

Heat exchange systems 20 according to the present disclo-
sure may be configured to deliver more than one cooled fluid
stream, such as schematically 1llustrated by a second cooled
fluid stream 100 in FIG. 2. Such a configuration may be
suitable for various reasons. As an illustrative, non-exclusive
example, the one or more energy-consuming devices 12 may
include energy-consuming devices having different cooling
requirements. Other reasons and configurations are also
within the scope of the present disclosure and are discussed
herein.

FI1G. 2 also schematically illustrates an optional controller
64, which when present, may be operatively coupled to one or
more of the hydrogen storage device 14, the one or more fuel
cell stacks 16, the one or more energy-consuming devices 12,
a hydrogen source 56, and/or other various components of, or
related to, fuel cell systems 10 according to the present dis-
closure, such as schematically illustrated by the illustrative,
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non-exclusive dashed connections in FIG. 2. The optional
controller may be, or may be described as, a component of an
optional control system 22, and as used herein, “controller”
refers to any suitable mechanism for actively controlling
operation of, or aspects of, a fuel cell system 10. For example,
as an 1llustrative, non-exclusive example, a controller 64 may
include a computer with software for controlling operation of,
or aspects of, a fuel cell system 10. As a further 1llustrated,
non-exclusive example, such a computer may include storage
media having executable mstructions adapted to control the
operation of, or aspects of, a fuel cell system 10.

As discussed herein, fuel cell stack 16 may be used to
provide an electrical output to one or more of energy-con-
suming device(s) 12, optional air conditioning system 68,
and/or optional one or more batteries 66. Accordingly, a con-
trol system 22 according to the present disclosure may
include an electrical regulator, or manifold, 101, or other
structure configured to selectively deliver (and/or permit
delivery, or flow, of) electric current to the energy consuming
device(s), the optional air conditioning system, and/or the
optional one or more batteries, such as may be determined by
various criteria as discussed herein, and as schematically
illustrated 1n FIG. 2. When present, and as schematically
illustrated 1 FIG. 2, the electrical regulator may be opera-
tively coupled to and/or controlled by the optional controller
64.

As mentioned, fuel cell systems 10 according to the present
disclosure may include a hydrogen source 56, which, when
present, may be configured to supply, or selectively supply,
hydrogen gas to one or both, of the hydrogen storage device
14 and the one or more fuel cell stacks 16. Although not
required, fuel cell system 10, and optional control system 22
thereof, may include a fluid regulator, or mamifold, 102, or
other structure configured to selectively deliver (and/or per-
mit delivery, or tlow, of) hydrogen gas to one or both of the
hydrogen storage device and the one or more fuel cell stacks,
such as may be determined by various criteria as discussed
heremn, and as schematically illustrated in FIG. 2. When
present, and as schematically illustrated 1n FIG. 2, the tfluid
regulator may be operatively coupled to and/or controlled by
the optional controller 64.

An illustrative, non-exclusive example of a suitable hydro-
gen source 56 that may be used with and/or implemented with
fuel cell systems 10 according to the present disclosure
includes a fuel processing assembly 104 that includes a fuel
processor 106 configured to generate hydrogen gas from a
carbon-contaiming feedstock and/or water, and which 1s sche-
matically i1llustrated 1n FIG. 3. Fuel processors 106 also may
be referred to as hydrogen-producing fuel processors, hydro-
gen-producing assemblies, or hydrogen-generating assem-
blies. When present, fuel processor 106 1s configured to pro-
duce hydrogen stream 58, which, in some examples, may be
substantially pure hydrogen gas, from one or more feed
streams 108. The one or more feed streams 108 are delivered
to the tuel processor by one or more feedstock delivery sys-
tems 110. A feed stream includes at least one carbon-contain-
ing feedstock 112 and also may include water 114. Illustra-
tive, non-exclusive examples of suitable carbon-containing
teedstocks 112 include at least one hydrocarbon and alcohol.
I[lustrative, non-exclusive examples of suitable hydrocarbons
include diesel, kerosene, gasoline, methane, natural gas, and
the like. Illustrative, non-exclusive examples of suitable alco-
hols include methanol, ethanol, and polyols, such as ethylene
glycol and propylene glycol.

Fuel processor 106 includes any suitable device, or com-
bination of devices, adapted to produce via chemaical reaction
predominately hydrogen gas from one or more feed streams
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108. Accordingly, fuel processor 106 includes a hydrogen-
producing region 116, 1n which an output stream 118 con-
taining hydrogen gas i1s produced by utilizing any suitable
hydrogen-producing mechanism(s). Output stream 118
includes hydrogen gas as at least a majority component. Out-
put stream 118 may include one or more additional gaseous
components, and accordingly may be referred to as a mixed
gas stream, which contains hydrogen gas as its majority com-
ponent, and which also contains other gases as minority com-
ponents. Illustrative, non-exclusive examples of suitable
mechanisms for producing hydrogen gas include (but are not
limited to) steam reforming and autothermal reforming.
Other suitable mechanisms include pyrolysis and catalytic
partial oxidation of a carbon-containing feedstock, in which
cases the feed stream does not contain water. Still another
suitable mechanism for producing hydrogen gas 1s electroly-
s1s, 1n which case the feedstock 1s water. It 1s within the scope
of the present disclosure that the fuel processor may be
adapted to produce hydrogen gas by utilizing more than a
single mechanism.

In the illustrative, non-exclusive example of steam reform-
ing, a reforming catalyst 1s used to produce hydrogen gas
from at least one feed stream 108 containing a carbon-con-
taining feedstock 112 and water 114. In a steam reforming,
process, hydrogen-producing region 116 contains a suitable
steam reforming catalyst 120. In such an example, the fuel
processor may be referred to as a steam reformer, hydrogen-
producing region 116 may be referred to as a reforming
region, and output, or mixed gas, stream 118 may be referred
to as a reformate stream, and/or as a reformate mixed-gas
stream. As used herein, a reforming region includes any
hydrogen-producing region utilizing a steam reforming
hydrogen-producing mechanism. Illustrative, non-exclusive
examples of suitable catalysts for catalyzing the production
of hydrogen gas from methanol and water via a steam reform-
ing reaction are disclosed i U.S. Patent Application Publi-
cation No. 2006/0236607A1, the complete disclosure of
which 1s hereby icorporated by reference. The other gases
that may be present 1n the reformate stream include carbon
monoxide, carbon dioxide, methane, steam, and/or unreacted
carbon-containing feedstock.

Atleast hydrogen-producing region 116 of tuel-processing
assembly 106 1s designed to be operated at an elevated tem-
perature when being utilized to produce hydrogen gas for
output stream 118. This hydrogen-producing temperature
may be achieved and/or maintained 1n hydrogen-producing
region 116 through the use of a heating assembly 122, or other
heat source. Hydrogen-producing steam reformers typically
operate at temperatures in the range of 200-900° C. Tempera-
tures outside of this range are within the scope of the present
disclosure. When the carbon-containing feedstock 1s metha-
nol, the steam reforming reaction will typically operate in a

temperature range of approximately 200-500° C. Illustrative
subsets of this range include 350-450° C., 375-425° C., 373-

400° C., and 400-450° C. When the carbon-containing feed-
stock 1s a hydrocarbon, ethanol, or another alcohol, a tem-
perature range of approximately 400-900° C. will typically be

used for the steam reforming reaction. Illustrative subsets of
this range include 7350-850° C., 725-825° C., 650-730° C.,

700-800° C., 700-900° C., 500-800° C., 400-600° C., and
600-800° C.

In some fuel processing assemblies according to the
present disclosure, heating assembly 122 includes a burner
assembly 124 and may be referred to as a combustion-based,
or combustion-driven, heating assembly. In a combustion-
based heating assembly 122, the heating assembly 1s adapted
to receive at least one fuel stream 126 and to combust the fuel

10

15

20

25

30

35

40

45

50

55

60

65

14

stream 1n the presence of air to provide a hot combustion
stream 128 that may be used to heat at least the hydrogen-
producing region 116 of the fuel processor. Combustion
stream 128 also may be referred to as a heated exhaust stream.
Air may be delivered to the heating assembly via an air stream
130; however, 1t 1s within the scope of the disclosure for the air
stream to additionally or alternatively be delivered to the
heating assembly with fuel stream 126 and/or drawn from the
environment within which the heating assembly 1s utilized.

It 1s within the scope of the present disclosure that com-
bustion stream 128 may additionally or alternatively be used
to heat other portions of the fuel processor and/or the tuel cell
system 10 with which heating assembly 122 i1s used. For
example, and as mentioned, heating assembly 122 may be
used to heat one or more of a hydrogen storage device 14 and
a supplemental cooling assembly 76, and therefore may (but
1s not required to) be a heating assembly 40 according to the
present disclosure. In FIG. 3, a supplemental combustion
stream 131 1s schematically illustrated to represent that the
combustion stream 128, a portion of the combustion stream
128, and/or a separate combustion stream may additionally or
alternatively be formed from the heating assembly 122 and
used to heat other portions of a fuel cell system 10 according
to the present disclosure. It 1s also within the scope of the
present disclosure that other configurations and types of heat-
ing assemblies 122 may be utilized. As an illustrative
example, a heating assembly 122 may be an electrically pow-
ered heating assembly that 1s adapted to heat at least the
hydrogen-producing region of the fuel processor by generat-
ing heat using at least one heating element, such as a resistive
heating element. Therefore, 1t 1s not required 1n all embodi-
ments that heating assembly 122 receive and combust a com-
bustible fuel stream to heat hydrogen-producing region 116 to
a suitable hydrogen-producing temperature. Illustrative, non-
exclusive examples of suitable heating assemblies that may
be used with fuel processing assemblies according to the
present disclosure are disclosed 1n U.S. Patent Application
Publication Nos. 2003/0192251, 2003/0223926, and 2006/
0272212, the complete disclosures of which are hereby incor-
porated by reference.

As indicated 1n dashed lines 1n FIG. 3, fuel processors 106
and/or fuel-processing assemblies 104 according to the
present disclosure may include a vaporization region 132 that
1s adapted to receive a liquid feed stream 108 (or a liquid
component of a feed stream 108, such as a stream of water 114
and/or a stream of a liquid carbon-containing feedstock 112)
and to vaporize the feed stream (or portion thereof) prior to
delivery to hydrogen-producing region 116 of fuel processor
106. As indicated schematically in FIG. 3 1n dashed lines,
heated combustion stream 128 from the heating assembly
may be used to vaporize the feed stream 1n vaporization
region 132 and/or otherwise heat the feed stream. It 1s within
the scope of the disclosure that fuel processor 106 may be
constructed without a vaporization region and/or that the fuel
processor may be adapted to receive a feed stream that 1s
gaseous or that has already been vaporized.

In many applications, 1t may be desirable for fuel processor
106 and/or fuel-processing assembly 104 to produce a hydro-
gen stream 58 containing at least substantially pure hydrogen
gas. Accordingly, the fuel processor may utilize a process that
inherently produces sulficiently pure hydrogen gas. When the
output stream contains suificiently pure hydrogen gas and/or
suificiently low concentrations of one or more non-hydrogen
components for a particular application, hydrogen stream 58
may be formed directly from output stream 118. However, in
many hydrogen-producing processes, output stream 118 will
be a mixed gas stream that contains hydrogen gas as a major-
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ity component along with other gases. Similarly, the output
stream 118 may be substantially pure hydrogen but still con-
tain concentrations of one or more non-hydrogen components
that are harmiul or otherwise undesirable 1n the downstream
components of a fuel cell system 10. For the purposes of the 5
present disclosure, substantially pure hydrogen gas 1s greater
than 90% pure, and may be greater than 95% pure, greater
than 99% pure, or even greater than 99.5% pure. Illustrative,
non-exclusive examples of suitable fuel processors are dis-
closed in U.S. Pat. Nos. 6,221,117, 5,997,594, 5,861,137,and 10
pending U.S. Patent Application Publication Nos. 2001/
0045061, 2003/0192251, and 2003/0223926, the complete
disclosures of which are hereby incorporated by reference.
Unless otherwise specified herein, compositional percent-
ages refer to volume percentages, which may be designatedas 15
vol %.

Accordingly, fuel-processing assembly 104 may (but1s not
required to) further include a purification region 134, in
which a hydrogen-rich stream 136 1s produced from the out-
put, or mixed gas, stream. Hydrogen-rich stream 136 contains 20
at least one of a greater hydrogen concentration than output
stream 118 and a reduced concentration of one or more of the
other gases or impurities that were present 1n the output
stream. Purification region 134 1s schematically illustrated 1n
FIG. 3, where output stream 118 1s shown being delivered to 25
an optional purification region 134. As shown in FIG. 3, at
least a portion of hydrogen-rich stream 136 forms hydrogen
stream 58. Accordingly, hydrogen-rich stream 136 and
hydrogen stream 58 may be the same stream and have the
same compositions and flow rates. However, 1t 1s also within 30
the scope of the present disclosure that some of the purified
hydrogen gas 1n hydrogen-rich stream 136 may be stored for
later use, such as 1 a suitable hydrogen storage assembly,
subjected to a further purification process, and/or consumed
by the fuel-processing assembly (such as for use as a fuel 35
stream for a heating assembly).

[lustrative, non-exclusive examples of optional purifica-
tion region 134 include (but are not limited to) at least one
hydrogen selective membrane 138, a pressure swing adsorp-
tion (PSA) assembly 140, and a chemical carbon monoxide 40
removal assembly 142 (such as including at least one metha-
nation catalyst bed). Illustrative, non-exclusive examples of
such optional purification regions are disclosed 1n U.S. Patent
Application Publication No. 2008/0299429, the complete
disclosure of which 1s hereby incorporated by reference. 45

[lustrative, non-exclusive examples of suitable fuel pro-
cessors 106 and fuel processing assemblies 104 that may be
used and/or implemented with fuel cell systems 10 according,
to the present disclosure are disclosed 1n U.S. patent applica-
tion Ser. No. 12/182,959, U.S. Patent Application Publication 50
No. 2007/0065689, PC'T Patent Application Publication No.
WO 03/086964, and U.S. Pat. Nos. 6,723,156 and 6,537,352,
the complete disclosures of which are hereby incorporated by
reference.

Turning now to FIG. 4, illustrative, non-exclusive 55
examples of hydrogen storage devices 14 that include more
than one hydride bed are schematically 1llustrated. Such a
hydrogen storage device may be configured for a varniety of
suitable reasons. For example, a hydrogen storage device
having multiple (1.e., two or more) hydride beds may be 60
configured to optimize, or at least improve, the heat transfer
via the heat exchange system 20, for example, to etliciently
deliver heat to the hydnide beds and efficiently desorb hydro-
gen gas therefrom. Additionally or alternatively, multiple
hydride beds may be provided to enable selective control of 65
the rate of hydrogen gas being desorbed and delivered to the
one or more fuel cell stacks. For example, 1f a demand, or
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clectrical load, of the one or more energy-consuming device
1s relatively low, and thus the hydrogen demand of the one or
more fuel cell stacks 1s correspondingly low, a hydrogen
storage device and control system of a fuel cell system 10 may
be configured to desorb hydrogen gas from only one or more
of a plurality of hydride beds.

Accordingly, as schematically illustrated in FIG. 4, a
hydrogen storage device with more than one hydride bed may
include a first hydride bed 150 having a first volume 152 of
hydrogen storage material 28 adapted to produce a first
cooled fluid stream 154 and selectively desorb hydrogen gas
to produce a first hydrogen delivery stream 156, and a second
hydride bed 158 having a second volume 160 of hydrogen
storage material 28 adapted to produce a second cooled fluid
stream 162 and selectively desorb hydrogen gas to produce a
second hydrogen delivery stream 164. Hydrogen delivery
streams 156 and 164 may individually or collectively form a
hydrogen gas stream 19. FIG. 4 also schematically illustrates
a first heated stream 166 and a second heated stream 168,
separately delivering heat to the first and second hydride beds,
respectively. In such configurations, the heated streams and
the cooled fluid streams may define separate closed loop heat
exchange systems with the one or more energy-consuming
devices, for example, for controlled cooling of separate
energy-consuming devices. Additionally or alternatively, the
heat streams and the cooled fluid streams may collectively
define a single closed loop heat exchange system with the one
or more energy-consuming devices. Additionally or alterna-
tively, a single heat stream, or heat source, may provide the
necessary heat to heat both the first and second hydride beds
for the selective desorption of hydrogen gas therefrom.

Additionally or alternatively, the hydrogen storage mate-
rial of the first hydride bed may have a different composition
than the hydrogen storage material of the second hydride bed,
and therefore may result in a cooler or warmer first cooled
fluid stream 154 relative to the second cooled fluid stream
162. Accordingly, as mentioned, a hydrogen storage device
may be utilized for controlled cooling of separate energy-
consuming devices having distinct cooling requirements.

Additionally or alternatively, hydrogen storage devices 14
that include more than one hydnde bed, and/or a control
system according to the present disclosure, may be config-
ured so that when the hydrogen storage material 152 of the
first hydride bed 150 sorbs hydrogen gas from a hydrogen
source, the hydrogen storage material 160 of the second
hydride bed 158 desorbs hydrogen gas for delivery to the one
or more fuel cell stacks. Conversely, when the hydrogen
storage material 160 of the second hydride bed 158 sorbs
hydrogen gas from a hydrogen source, the hydrogen storage
material 152 of the first hydride bed 150 desorbs hydrogen
gas for delivery to the fuel cell stack. With such a configura-
tion, the hydrogen storage device may utilize the exchange of
heat between the first and second hydride beds for endother-
mic and exothermic processes of desorbing and sorbing
hydrogen gas, respectively, as schematically represented by
the arrow 170 1n FIG. 4. Stated differently, a hydrogen storage
device and/or a control system according to the present dis-
closure may be configured so that when the hydrogen storage
material of the first hydride bed sorbs hydrogen gas, the
hydrogen storage material of the second hydride bed desorbs
hydrogen gas, and the heat produced from sorbing hydrogen
gas by the hydrogen storage material of the first hydride bed

contributes at least 1n part to the desorbing of hydrogen gas
from the hydrogen storage material of the second hydride

bed.
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FIG. 4 also schematically illustrates optional hydrogen
streams 38 being delivered to the hydride beds, for example
from a hydrogen source according to the present disclosure.

An 1llustrative, non-exclusive example of a hydrogen stor-
age device 14, or at least a portion thereot, according to the
present disclosure that includes more than one hydride bed 1s
illustrated 1n FIG. 5 and 1s generally indicated at 200. Spe-
cifically, the 1llustrated hydrogen storage device 200 includes
s1x individual cylindrical vessels 24, each vessel having a
hydride bed 26 therein that contains hydrogen storage mate-
rial. Each of the six vessels 24 1s disposed within an air stream
conduit 202. For purposes of illustration, an optional outer
wall of one of the six air stream conduits 202 is not illustrated
in order to reveal the corresponding vessel 24 positioned
therein.

The illustrated hydrogen storage device 200 of FIG. S also
includes six fans 206 positioned at a first end 208 of the air
stream conduits 202 and configured to draw air, such as in the
form of a heated air stream 44, into and through the air stream
conduits. As the air passes over the vessels 24, heat 1s trans-
terred from the air stream, through the vessels, and nto the
hydride beds. A cooled air stream 36 exits the hydrogen
storage device 200 at a second end 210 for delivery to the one
Or more energy-consuming devices.

To facilitate the heat transfer from the heated air stream to
the hydrogen storage material, the vessels 24 may include
heat transfer structure, such as fins on one or both of the
outside and 1nside of the vessels. For example, as 1llustrated in
the detail view of FIG. 6, the illustrative, non-exclusive
example of hydrogen storage device 200 includes fins 212
extending longitudinally along the length of the vessels 24
and defining the outside surface thereof. In such embodi-
ments, vessels 24 may be easily extruded, for example, of
aluminum or other suitable heat conductive material.

Additionally or alternatively, the 1nside of vessels 24 may
include similar such heat transfer structure. For example,
extruded longitudinal fins may extend into and between the
hydrogen storage material 28 of the respective hydride beds
26. Additionally or alternatively, a plurality of pin-like, or
brush-like, heat transfer structures may extend from the
inside surface of the vessels and through the hydrogen storage
matenial to efficiently transfer heat from the air stream,
through the wall of the vessel, and to the hydrogen storage
maternal for desorption of hydrogen gas therefrom.

As discussed, tuel cell systems 10 and control systems 22
according to the present disclosure may include various con-
duits and manifolds to facilitate the delivery of various
streams to and from the hydrogen storage device 14. Accord-
ingly, hydrogen storage device 200 may be functionally
coupled to amanifold atits second end 210, with the manifold
fluidly combining the outlet streams of the air stream conduits
202 1nto a single cooled air stream 36. The same manifold or
an additional manifold may also be provided at the second
end 210 of the hydrogen storage device 200 for the selective
delivery of hydrogen gas to and from the vessels 24.

The example of hydrogen storage device 200 of FIG. 5 1s
provided for the purpose of 1illustration, and not limitation,
and any suitable configuration of hydrogen storage devices
may be used and are within the scope of the present disclo-
sure. For example, as 1illustrative, non-exclusive examples,
any number (including greater or fewer numbers than those
shown 1n the illustrative example) and any operatively suit-
able configuration of hydride beds 26, vessels 24, conduits
202, fans 206 for each conduit and/or vessel, manifolds, con-
trol systems, etc. may be embodied in or associated with
hydrogen storage devices and are within the scope of the
present disclosure.
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As expressed herein, the present disclosure 1s also directed
to methods of providing power and cooling to an energy-
consuming device with a fuel cell system containing a hydro-
gen storage device. Methods according to the present disclo-
sure may be described 1n terms of one or more functions of
one or more components of fuel cell systems 10 according to
the present disclosure. That 1s, a method according to the
present disclosure may be described 1n terms of steps carried
out by, performed by, controlled by, and/or implemented by
such illustrative, non-exclusive examples of fuel cell systems
and related components as energy-consuming device 12,
hydrogen storage device 14, fuel cell stack 16, hydrogen
delivery conduit 18, heat exchange system 20, control system
22, hydrogen source 356, controller 64, battery 66, air-condi-
tioning system 68, auxiliary electrical generator 72, supple-
mental cooling assembly 76, and primary power source 78.

As an 1llustrative, non-exclusive example, a method
according to the present disclosure includes desorbing hydro-
gen gas from a volume of hydrogen storage material, utilizing
the endothermic process of the desorbing to cool an energy-
consuming device, delivering the desorbed hydrogen gas to a
tuel cell stack, and producing, by the fuel cell stack, an
clectrical output from the desorbed hydrogen gas and an
oxidant, and powering the energy-consuming device with the
clectrical output from the fuel cell stack.

In some methods according to the present disclosure, the
desorbing of the hydrogen gas may be accomplished by,
performed by, or include delivering a heated fluid stream from
the energy-consuming device to the hydrogen storage device.
In some methods according to the present disclosure, utilizing
the endothermic process of the desorbing of hydrogen gas
may include delivering a cooled fluid stream from the hydro-
gen storage device to the energy-consuming device. Some
methods according to the present disclosure may include
circulating a flmd stream between the hydrogen storage
device and the energy-consuming device with such a fluid
stream comprised of the heated fluid stream from the energy-
consuming device and the cooled fluid stream from the hydro-
gen storage device.

As mentioned, fuel cell systems according to the present
disclosure may be used as backup power systems and/or
backup cooling systems for an energy-consuming device.
Accordingly, an 1llustrative, non-exclusive example of a
method according to the present disclosure may include
detecting at least one of unavailability of a primary power
source normally configured to power the energy-consuming
device and an applied load to the fuel cell system from the
energy-consuming device. Additionally or alternatively, a
method according to the present disclosure may include
monitoring a status ol a primary power source and/or a status
of an energy-consuming device. Additionally or alternatively,
a method according to the present disclosure may include
monitoring the temperature of an energy-consuming device
and providing cooling to the energy-consuming device when
its temperature exceeds a predetermined threshold.

Some methods according to the present disclosure may
include generating, by a fuel processor, hydrogen gas from a
feed stream containing at least a carbon-containing feed-
stock, and delivering at least a portion of the hydrogen gas
generated by the fuel processor to at least one of a hydrogen
storage device for sorption by a hydrogen storage material
and a fuel cell stack for production of an electrical output.

Other examples of methods are within the scope of the
present disclosure, and as mentioned, methods according to
the present disclosure may be described 1n terms of one or
more functions of the one or more components of fuel cell
systems 10 and related components described herein.
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The following enumerated paragraphs represent 1llustra-
tive, non-exclusive ways of describing inventions according,
to the present disclosure.

A A Tuel cell system for providing power and cooling to an
energy-consuming device, the fuel cell system comprising;

a Tuel cell stack configured to produce an electrical output
from hydrogen gas and an oxidant;

a hydrogen storage device including a hydride bed having,
a volume of hydrogen storage material, the hydrogen storage
material configured to selectively sorb hydrogen gas for stor-
age 1n the hydrogen storage device and to selectively desorb
hydrogen gas for delivery to the fuel cell stack;

a hydrogen delivery conduit fluidly connecting the hydride
bed to the fuel cell stack for delivering desorbed hydrogen gas
to the tuel cell stack to produce the electrical output;

a heat exchange system operatively connected to the
hydrogen storage device and configured to heat the hydrogen
storage material to desorb hydrogen gas for delivery to the
tuel cell stack, the heat exchange system further configured to
produce a cooled tluid stream from the endothermic process
associated with heating the hydrogen storage material and
desorbing hydrogen gas from the hydrogen storage matenal,
wherein the heat exchange system includes a cooling conduit
tor delivering the cooled fluid stream to the energy-consum-
ing device; and

a control system configured to control, during operation of
the fuel cell system, one or more of sorption of hydrogen gas
by the hydrogen storage material, desorption of hydrogen gas
from the hydrogen storage material, delivery of hydrogen gas
to the fuel cell stack, heating of the hydrogen storage material,
and delivery of the cooled fluid stream to the energy-consum-
ing device.

Al The tuel cell system of paragraph A, wherein the heat
exchange system further includes a heat delivery conduit for
delivering a heated fluid stream heated by the energy-con-
suming device to the hydrogen storage device for heating the
hydrogen storage material to desorb hydrogen gas for deliv-
ery to the fuel cell stack.

Al.1 The fuel cell system of paragraph Al, wherein the
cooled flud stream and the heated fluid stream form a closed
loop heat exchange system between the hydrogen storage
device and the energy-consuming device.

A2 The fuel cell system of any of paragraphs A-Al.l,
wherein the control system 1s configured so that when the fuel
cell stack 1s producing the electrical output, the fuel cell stack
1s producing a heated fluid stream that 1s delivered to the
hydrogen storage device for heating the hydrogen storage
material to desorb hydrogen gas for delivery to the tuel cell
stack.

A3 The fuel cell system of any of paragraphs A-A2,
wherein the heat exchange system includes a heating assem-
bly configured to heat the hydrogen storage material to desorb
hydrogen gas for delivery to the fuel cell stack.

A3.1 The fuel cell system of paragraph A3, wherein the
heating assembly includes an electric resistance heater.

A4 The fuel cell system of any of paragraphs A-A3.1,
wherein the heat exchange system 1s configured to draw a
heated fluid stream from an ambient environment adjacent the
tuel cell system for delivery to the hydrogen storage device to
desorb hydrogen gas from the hydrogen storage material for
delivery to the fuel cell stack.

A5 The fuel cell system of any of paragraphs A-A4,
wherein the cooled fluid stream 1s a cooled air stream.

A6 The fuel cell system of any of paragraphs A-A4,
wherein the heat exchange system 1s configured to deliver a
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heated air stream to the hydrogen storage device to heat the
hydrogen storage material to desorb hydrogen gas for deliv-
ery to the fuel cell stack.

A6.1 The fuel cell system of paragraph A6, wherein the
cooled fluid stream 1s a cooled air stream.

A6.1.1 The fuel cell system of paragraph A6.1, wherein the
cooled air stream and the heated air stream form a closed loop
heat exchange system between the hydrogen storage device
and the energy-consuming device.

A’7 The fuel cell system of any of paragraphs A-A4,
wherein the cooled fluid stream 1s a cooled liquid stream.

A8 The fuel cell system of any of paragraphs A-A4,
wherein the heat exchange system 1s configured to deliver a
heated liquid stream to the hydrogen storage device to heat
the hydrogen storage material to desorb hydrogen gas for
delivery to the fuel cell stack.

AS8.1 The fuel cell system of paragraph A8, wherein the
cooled fluid stream 1s a cooled liquid stream.

AR.1.1 The fuel cell system of paragraph A8.1, wherein the
cooled liquid stream and the heated liquid stream form a
closed loop heat exchange system between the hydrogen
storage device and the energy-consuming device.

A9 The tuel cell system of any of paragraphs A-A8.1.1,

wherein the hydride bed 1s a first hydride bed, the hydrogen
storage material 1s a first hydrogen storage material, and the
hydrogen delivery conduit 1s a first hydrogen delivery con-
duit;

wherein the hydrogen storage device further includes a
second hydride bed separate from the first hydrnide bed, the
second hydride bed having a volume of a second hydrogen
storage material; and

wherein the tuel cell system further comprises:

a first hydrogen supply conduit fluidly connected to the
first hydride bed for delivering hydrogen gas to the first
hydride bed from a hydrogen source for sorption by the
first hydrogen storage material;

a second hydrogen supply conduit fluidly connected to the
second hydride bed for delivering hydrogen gas to the
second hydride bed from the hydrogen source for sorp-
tion by the second hydrogen storage material; and

a second hydrogen delivery conduit fluidly connecting the
second hydrnide bed to the fuel cell stack for delivering
desorbed hydrogen gas to the tuel cell stack.

A9.1 The fuel cell system of paragraph A9, wherein the
first hydrogen storage material has a different composition
than the second hydrogen storage matenal.

A9.2 The fuel cell system of paragraph A9, wherein the
first hydrogen storage material has the same composition as
the second hydrogen storage material.

A9.3 The fuel cell system of paragraph A9, wherein the
control system 1s configured so that when the first hydrogen
storage material sorbs hydrogen gas from the hydrogen
source, the second hydrogen storage material desorbs hydro-
gen gas for delivery to the fuel cell stack, and the control
system 1s further configured so that when the second hydro-
gen storage material sorbs hydrogen gas from the hydrogen
source, the first hydrogen storage material desorbs hydrogen
gas for delivery to the fuel cell stack.

A9.3.1 The fuel cell system of paragraph A9.3, wherein the
control system 1s configured so that when the first hydrogen
storage material sorbs hydrogen gas, the second hydrogen
storage material desorbs hydrogen gas, and the heat produced
from sorbing hydrogen gas by the first hydrogen storage
material contributes at least 1n part to the desorbing hydrogen
gas from the second hydrogen storage material.

A10 The fuel cell system of any of paragraphs A-A8.1.1,
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wherein the hydnide bed 1s a first hydride bed, the cooling
conduit 1s a first cooling conduait, the cooled flud stream 1s a
first cooled fluid stream, and the energy-consuming device 1s
a first energy-consuming device;

wherein the hydrogen storage device further includes a
second hydride bed separate from the first hydride bed; and

wherein the heat exchange system further includes a sec-
ond cooling conduit for delivering a second cooled fluid
stream to a second energy-consuming device.

All The fuel cell system of any of paragraphs A-A10,
wherein the energy-consuming device includes telecommu-
nications equipment.

Al2 The fuel cell system of any of paragraphs A-All,
wherein the energy-consuming device includes electronics.

Al3 The fuel cell system of any of paragraphs A-A1l2,
wherein the energy-consuming device 1s housed 1n an enclo-
sure.

Al4 The fuel cell system of any of paragraphs A-A1l3,
wherein the heat exchange system further includes a supple-
mental cooling assembly including a volume of phase change
material and configured to draw heat from the energy-con-
suming device when the phase change material changes
phase.

Al4.1 The fuel cell system of paragraph A14,

wherein the supplemental cooling assembly 1s operatively
connected to the hydrogen storage device; and

wherein the control system i1s configured to selectively
deliver at least a portion of the cooled fluid stream to the
supplemental cooling assembly to cool the volume of phase
change material.

Al4.2 The fuel cell system of any of paragraphs Al4-
Al4.1,

wherein the supplemental cooling assembly 1s operatively
connected to the hydrogen storage device; and

wherein the heat exchange system i1s further configured to
deliver heat from the supplemental cooling assembly to the
hydrogen storage device to desorb hydrogen gas from the
hydrogen storage material for delivery to the fuel cell stack.

Al4.3 The fuel cell system of any of paragraphs Al4-
Al4.2, wherein the heat exchange system 1s further config-
ured to selectively deliver heat from the energy-consuming
device to the supplemental cooling assembly to heat the vol-
ume of phase change matenal.

Al4.4 The fuel cell system of any of paragraphs Al4-
Al4.3, wherein the heat exchange system 1s further config-
ured to selectively deliver heat when the fuel cell stack 1s
producing electrical output from the fuel cell stack to the
supplemental cooling assembly to heat the volume of phase
change material.

Al4.5 The fuel cell system of any of paragraphs Al4-
Al4.4, wherein the heat exchange system includes a heating,
assembly configured to produce a heated fluid stream for
delivery to the supplemental cooling assembly to heat the
volume of phase change material.

A1l5 The fuel cell system of any of paragraphs A-A14.3,
turther comprising:

a fuel processor configured to generate hydrogen gas from
a feed stream containing at least a carbon-contaiming feed-
stock, the fuel processor operatively coupled to at least one of
the hydrogen storage device and the fuel cell stack, the fuel
processor configured to selectively deliver at least a portion of
the hydrogen gas generated by the fuel processor to at least
one of the hydrogen storage device and the fuel cell stack.

Al5.1 The fuel cell system of paragraph A135, wherein the
tuel processor 1s configured to deliver hydrogen gas to the fuel
cell stack.
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A15.1.1 The fuel cell system of paragraph A15.1, wherein
the control system 1s configured to selectively deliver hydro-
gen gas 1o the fuel cell stack from one of the hydrogen storage
device and the fuel processor 1n response to a predetermined
criterion.

Al135.1.1.1 The fuel cell system of paragraph Al15.1.1,

wherein the predetermined criterion includes one of a load
applied by the energy-consuming device, a capacity of the
tuel cell stack, a capacity of the hydrogen storage device, and

a capacity of the fuel processor.
A135.1.2 The fuel cell system of paragraph A15.1, wherein

the control system 1s configured to selectively deliver hydro-
gen gas from the fuel processor to the fuel cell stack 1n
response to the hydrogen storage device containing insudfi-
cient hydrogen gas to satisiy a hydrogen demand of the fuel
cell stack to satisty a load applied by the energy-consuming
device.

A135.1.3 The fuel cell system of paragraph A135.1, wherein

the control system 1s configured to selectively deliver hydro-
gen gas from the fuel processor to the hydrogen storage
device when an amount of hydrogen gas sorbed by the hydro-
gen storage material falls below a predetermined threshold.

Al135.1.4 The fuel cell system of paragraph A15.1, wherein
the control system 1s configured to selectively deliver hydro-
gen gas from the fuel processor to the fuel cell stack when an
amount of hydrogen gas sorbed by the hydrogen storage
maternal falls below a predetermined threshold.

Al6 The fuel cell system of any of claims A-A15.1.4,
further comprising a battery;

wherein the control system 1s configured so that one or both
of the fuel cell stack and the battery provide power to the
energy-consuming device in response to a predetermined cri-

terion.

A17 The fuel cell system of any of paragraphs A-Al6,

wherein the cooled fluid stream 1s a first cooled fluid
stream; and

wherein the heat exchange system further includes an air
conditioning system configured to produce a second cooled
fluid stream for selective delivery to the hydrogen storage
device to cool the hydrogen storage material to sorb hydrogen
gas from a hydrogen source.

A18 The fuel cell system of any of paragraphs A-A16,

wherein the cooled fluid stream 1s a first cooled fluid
stream; and

wherein the heat exchange system 1s further configured to
draw a second cooled fluid stream from an ambient environ-
ment adjacent the fuel cell system for selective delivery to the
hydrogen storage device to cool the hydrogen storage mate-
rial to sorb hydrogen gas from a hydrogen source.

A19 The fuel cell system of any of paragraphs A-A1S,
wherein the control system 1s configured so that the fuel cell
system provides backup power to the energy-consuming
device 1n response to a primary power source becoming
unavailable.

B A method of providing power and cooling to an energy-
consuming device with a tuel cell system containing a hydro-
gen storage device, the method comprising:

desorbing hydrogen gas from a volume of hydrogen stor-
age material of a hydride bed of a hydrogen storage device;

utilizing the endothermic process of the desorbing hydro-
gen gas from the volume of hydrogen storage material to cool
the energy-consuming device;

delivering desorbed hydrogen gas from the hydrogen stor-
age device to a fuel cell stack;

producing, by the fuel cell stack, an electrical output from
the desorbed hydrogen gas and an oxidant; and
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powering the energy-consuming device with the electrical
output from the fuel cell stack.

B1 The method of paragraph B, further comprising:

prior to the producing the electrical output, detecting at
least one of unavailability of a primary power source nor-
mally configured to power the energy-consuming device and
an applied load to the fuel cell system from the energy-
consuming device.

B1.1 The method of paragraph B, further comprising:

after the detecting and prior to the powering the energy-
consuming device with the electrical output from the fuel cell
stack, powering the energy-consuming device with a battery.

B1.1.1 The method of paragraph B1.1, wherein the pow-
ering the energy-consuming device with a battery includes
powering the energy-consuming device with the battery for a
period of time until the fuel cell stack produces an electrical
output suificient to power the energy-consuming device.

B1.2 The method of any of paragraphs B1-B1.1.1, wherein
desorbing hydrogen gas includes desorbing hydrogen gas
from the hydride bed for up to a finite period of time, and
wherein the method further comprises:

after desorbing hydrogen gas from the hydrogen bed for up
to the fimite period of time, powering an air-conditioning
system with the electrical output from the fuel cell stack and
cooling the energy-consuming device with the air condition-
ing system.

B1.3 The method of any of paragraphs B1-B1.2, further
comprising;

initiating production of hydrogen gas by a fuel processor
responsive to detecting unavailability of a primary power
source, wherein mitiating occurs for a fuel processor start-up
period of time;

generating, by the fuel processor, hydrogen gas from a feed
stream containing at least a carbon-containing feedstock; and

after the fuel processor start-up period of time, delivering
hydrogen gas from the fuel processor to the fuel cell stack for
producing the electrical output.

B1.3.1 The method of paragraph B1.3, further comprising:

after the delivering desorbed hydrogen gas from the hydro-
gen storage device to the tuel cell stack, delivering hydrogen
gas from the fuel processor to the hydrogen storage device
and sorbing, by the hydrogen storage material, hydrogen gas
delivered from the fuel processor.

B2 The method of any of paragraphs B-B1.3.1, wherein the
desorbing hydrogen gas includes heating the hydrogen stor-
age material.

B2.1 The method of paragraph B2, wherein the heating
includes delivering heat from the energy-consuming device
to the hydrogen storage material.

B2.2 The method of any of paragraphs B2-B2.1, wherein
the heating includes delivering heat generated by the fuel cell
stack to the hydrogen storage material.

B2.3 The method of any of paragraphs B2-B2.2, wherein
the heating includes delivering heat from a heating assembly
to the hydnide bed.

B2.3.1 The method of paragraph B2.3, wherein the heating,
assembly 1ncludes an electric resistance heater.

B2.4 The method of any of paragraphs B2-B2.3.1, wherein
the heating includes drawing heat from an ambient environ-

ment to heat the hydrogen storage material.
B3 The method of any of paragraphs B-B2.4,

wherein the desorbing hydrogen gas includes delivering a
heated fluid stream heated by the energy-consuming device to
the hydrogen storage device to heat the hydrogen storage
material; and
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wherein the utilizing the endothermic process includes
delivering a cooled fluid stream from the hydrogen storage
device to the energy-consuming device;

wherein the heated fluid stream and the cooled fluid stream
form a closed loop heat exchange system between the hydro-
gen storage device and the energy-consuming device.

B3.1 The method of paragraph B3, wherein the heated fluid
stream 15 a heated air stream.

B3.2 The method of paragraph B3, wherein the heated tfluid

stream 1s a heated liquid stream.

B4 The method of any of paragraphs B-B3.2, further com-
prising;:

prior to the desorbing hydrogen gas, sorbing, by the hydro-
gen storage material, a volume of hydrogen gas.

B4.1 The method of paragraph B4, further comprising:

generating, by a fuel processor, hydrogen from a feed
stream containing at least a carbon-containing feedstock; and

delivering hydrogen gas generated by the fuel processor to
the hydrogen storage device for sorption by the hydrogen
storage material.

B4.1.1 The method of paragraph B4.1, further comprising:

delivering hydrogen gas generated by the fuel processor to
the fuel cell stack while delivering hydrogen gas generated by
the fuel processor to the hydrogen storage device for sorption
by the hydrogen storage material.

B4.1.1.1 The method of paragraph B4.1.1, wherein the
generating hydrogen gas includes generating more hydrogen
gas than needed by the fuel cell stack to satisty an applied load
from the energy-consuming device.

B5 The method of any of paragraphs B-B4.1.1.1, wherein
the energy-consuming device includes telecommunications
equipment.

B6 The method of any of paragraphs B-B5, wherein the
energy-consuming device includes electronics.

B’7 The method of any of paragraphs B-B6, wherein the
energy-consuming device 1s housed 1n an enclosure.

B’7.1 The method of paragraph B7, wherein the utilizing
the endothermic process of the desorbing hydrogen gas
includes delivering a cooled air stream from the hydrogen
storage device to the enclosure.

B8 The method of any of paragraphs B-B7.1, further com-
prising;:

using a supplemental cooling assembly to cool the energy-
consuming device, wherein the supplemental cooling assem-
bly includes a volume of phase change material.

B8.1 The method of paragraph B8, further comprising:

utilizing the endothermic process of the desorbing hydro-
gen gas from the volume of hydrogen storage material to cool
the phase change material.

B8.2 The method of any of paragraphs B8-BS8.1, further
comprising;

delivering heat from the supplemental cooling assembly to
the hydrogen storage device and heating the hydrogen storage
maternial for the desorbing hydrogen gas from the volume of
hydrogen storage matenal.

B8.3 The method of any of paragraphs B8-B8.2, wherein
the using the supplemental cooling assembly to cool the
energy-consuming device includes delivering heat from the
energy-consuming device to the volume of phase change
material.

B8.4 The method of any of paragraphs B8-B8.3, wherein
the using the supplemental cooling assembly to cool the
energy-consuming device includes delivering heat generated
by the fuel cell stack to the volume of phase change material.

B8.5 The method of any of paragraphs B8-B8.4, wherein
the using the supplemental cooling assembly to cool the
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energy-consuming device includes delivering heat from a
heating assembly to the volume of phase change matenal.

B8.5.1 The method of paragraph B8.35, wherein the heating
assembly includes an electric resistance heater.

B9 The method of any of paragraphs B-B8.5.1, further
comprising;

generating, by a fuel processor, hydrogen gas from a feed
stream containing at least a carbon-containing feedstock; and

delivering at least a portion of the hydrogen gas generated
by the fuel processor to at least one of the hydrogen storage
devices for sorption by the volume of hydrogen storage mate-
rial and the fuel cell stack for production of the electrical
output.

B10 The method of any of paragraphs B-B8.5.1, further
comprising:

generating, by a fuel processor, hydrogen gas from a feed
stream contaiming at least a carbon-containing feedstock;

after the delivering desorbed hydrogen gas from the hydro-
gen storage device to the fuel cell stack, delivering hydrogen
gas Irom the fuel processor to the fuel cell stack; and

producing, by the fuel stack, an electrical output from the
hydrogen gas delivered from the fuel processor and an oxi-
dant.

B11 The method of any of paragraphs B-B8.5.1, further
comprising;

generating, by a fuel processor, hydrogen gas from a feed
stream containing at least a carbon-containing feedstock; and

selectively delivering hydrogen gas to the tuel cell stack
from one of the hydrogen storage device and the fuel proces-
sor 1n response to a predetermined criterion.

B11.1 The method of paragraph B11, wherein the prede-
termined criterion includes one of a load applied by the
energy-consuming device, a capacity of the fuel cell stack, a
capacity of the hydrogen storage device, and a capacity of the
tuel processor.

B11.2 The method of paragraph B11, wherein the selec-
tively delivering hydrogen gas to the fuel cell stack includes
delivering hydrogen gas to the fuel cell stack from the fuel
processor i response to the hydrogen storage device contain-
ing insuificient hydrogen gas to satisly a hydrogen gas
demand of the fuel cell stack to satisiy a load applied by the
energy-consuming device.

B11.3 The method of paragraph B11, wherein the selec-
tively delivering hydrogen gas to the tuel cell stack icludes
delivering hydrogen gas to the fuel cell stack from the fuel
processor inresponse to an amount of hydrogen gas sorbed by
the hydrogen storage matenal falling below a predetermined
threshold.

B12 The method of any of paragraphs B-B11.3, further
comprising;

cooling the volume of hydrogen storage material using an
air conditioning system; and

in response to the cooling, sorbing hydrogen gas by the
volume of hydrogen storage material from a hydrogen source.

B13 The method of any of paragraphs B-B12, further com-
prising;:

cooling the volume of hydrogen storage maternial using
ambient air from adjacent the fuel cell system; and

in response to the cooling, sorbing hydrogen gas by the
volume ol hydrogen storage material from a hydrogen source.

C A method of providing power and cooling to an energy-
consuming device, the method comprising:

using and/or operating and/or controlling the fuel cell sys-
tem of any of paragraphs A-Al7.

In the event that any of the references that are incorporated
by reference herein define a term 1n a manner iconsistent
with either the non-incorporated disclosure of the present
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application or with any of the other incorporated references,
the non-incorporated disclosure of the present application
shall control and the term or terms as used therein only control
with respect to the patent document in which the term or terms
are defined.

The disclosure set forth above encompasses multiple dis-
tinct inventions with independent utility. While each of these
inventions has been disclosed in a preferred form or method,
the specific alternatives, embodiments, and/or methods
thereof as disclosed and 1llustrated herein are not to be con-
sidered 1n a limiting sense, as numerous variations are pos-
sible. The present disclosure includes all novel and non-
obvious combinations and subcombinations of the various
clements, features, functions, properties, methods and/or
steps disclosed herein. Similarly, where any disclosure above
or claim below recites “a” or “a first” element, step of a
method, or the equivalent thereof, such disclosure or claim
should be understood to include one or more such elements or
steps, neither requiring nor excluding two or more such ele-
ments or steps.

Inventions embodied 1n various combinations and subcom-
binations of features, functions, elements, properties, steps
and/or methods may be claimed through presentation of new
claims 1n a related application. Such new claims, whether
they are directed to a different invention or directed to the
same 1nvention, whether different, broader, narrower, or
equal 1 scope to the original claims, are also regarded as
included within the subject matter of the present disclosure.

INDUSTRIAL APPLICABILITY

The fuel cell systems and methods disclosed herein are
applicable to the tuel cell, telecommunications, and auxihiary
power 1ndustries.

The invention claimed 1s:

1. A method of providing power and cooling to an energy-
consuming device with a fuel cell system containing a hydro-
gen storage device, the method comprising:

desorbing hydrogen gas from a volume of hydrogen stor-

age material of a hydride bed of the hydrogen storage
device, wherein the desorbing includes delivering a
heated air stream heated by the energy-consuming
device to the hydrogen storage device to heat the hydro-
gen storage material;

utilizing the endothermic process of the desorbing hydro-

gen gas from the volume of hydrogen storage material to
cool the energy-consuming device, wherein the utilizing
includes delivering a cooled air stream from the hydro-
gen storage device to the energy-consuming device,
wherein the heated air stream and the cooled air stream
form a closed loop heat exchange system between the
hydrogen storage device and the energy-consuming
device; wherein the energy-consuming device includes a
telecommunications installation, wherein the telecom-
munications 1installation includes an enclosure, and
wherein the delivering the cooled air stream includes
delivering the cooled air stream to an interior of the
enclosure;

delivering desorbed hydrogen gas from the hydrogen stor-

age device to a fuel cell stack;

producing, by the fuel cell stack, an electrical output from

the desorbed hydrogen gas and an oxidant;

powering the energy-consuming device with the electrical

output from the fuel cell stack;

and wherein the method further comprises:

inmitiating production of hydrogen gas by a fuel processor

responsive to detecting unavailability of a primary
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power source, wherein initiating occurs for a fuel pro-
cessor start-up period of time;

generating, by the fuel processor, hydrogen gas from a feed
stream containing at least a carbon-containing feed-
stock; and

after the fuel processor start-up period of time, delivering
hydrogen gas from the fuel processor to the fuel cell
stack for producing the electrical output.

2. The method of claim 1, further comprising;

delivering at least a portion of the hydrogen gas generated
by the fuel processor to the hydrogen storage device for
sorption by the volume of hydrogen storage material.

3. The method of claim 2, wherein the delivering at least a
portion of the hydrogen gas generated by the fuel processor
includes delivering hydrogen gas from the fuel processor to
the fuel cell stack 1n response to an amount of hydrogen gas
sorbed by the hydrogen storage matenal falling below a pre-
determined threshold.

4. The method of claim 2, wherein the delivering at least a
portion of the hydrogen gas generated by the fuel processor
includes delivering hydrogen gas from the fuel processor to
the hydrogen storage device in response to an amount of
hydrogen gas sorbed by the hydrogen storage material falling,
below a predetermined threshold.

5. A fuel cell system for providing power and cooling to an
energy-consuming device including a telecommunications
installation with an enclosure, the tuel cell system compris-
ng:

a Tuel cell stack configured to produce an electrical output

from hydrogen gas and an oxidant;

a hydrogen storage device including a hydride bed having
a volume of hydrogen storage material, the hydrogen
storage material configured to selectively sorb hydrogen
gas for storage in the hydrogen storage device and to
selectively desorb hydrogen gas for delivery to the fuel
cell stack:

a hydrogen delivery conduit fluidly connecting the hydride
bed to the fuel cell stack for delivering desorbed hydro-
gen gas to the fuel cell stack to produce the electrical
output;

a heat exchange system operatively connected to the
hydrogen storage device and configured to heat the
hydrogen storage material to desorb hydrogen gas for
delivery to the fuel cell stack, the heat exchange system
further configured to produce a cooled fluid stream from
the endothermic process associated with heating the
_1ydr0gen storage material and desorbing hydrogen gas
from the hydrogen storage material, wherein the heat

exchange system 1ncludes a cooling conduit for deliver-

ing the cooled fluid stream to an interior of the enclosure
of the telecommunications installation of the energy-
consuming device; and

a control system that controls the operation of the fuel cell

system using the method of claim 1;
wherein the heat exchange system further includes a heat

delivery conduit for delivering a heated fluid stream

heated by the energy-consuming device to the hydrogen
storage device for heating the hydrogen storage material
to desorb hydrogen gas for delivery to the fuel cell stack;

wherein the cooled fluid stream and the heated fluid stream
form a closed loop heat exchange system between the
hydrogen storage device and the energy-consuming
device:

wherein the cooled fluid stream 1s a cooled air stream and
the heated fluid stream 1s a heated air stream; and

wherein the system further comprises a fuel processor con-
figured to generate hydrogen gas from a feed stream
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containing at least a carbon-containing feedstock, the
fuel processor operatively coupled to the hydrogen stor-
age device and the fuel cell stack, the fuel processor
configured to selectively deliver at least a portion of the
hydrogen gas generated by the fuel processor to the
hydrogen storage device and the fuel cell stack.

6. The tuel cell system of claim 1, wherein the telecommu-
nications installation includes telecommunications equip-
ment.

7. The fuel cell system of claim 6, wherein the telecommu-
nications equipment 1s housed in the enclosure.

8. The fuel cell system of claim 5, wherein the control
system 1s configured to selectively deliver hydrogen gas from
the fuel processor to the hydrogen storage device when an
amount of hydrogen gas sorbed by the hydrogen storage
material falls below a predetermined threshold.

9. The fuel cell system of claim 5, wherein the control
system 1s configured to selectively deliver hydrogen gas from
the fuel processor to the fuel cell stack when an amount of
hydrogen gas sorbed by the hydrogen storage material falls
below a predetermined threshold.

10. The fuel cell system of claim 5, wherein the control
system 1s configured so that the fuel cell system provides
backup power to the energy-consuming device 1n response to
a primary power source becoming unavailable.

11. A fuel cell system for providing power and cooling to
an energy-consuming device including a telecommunications
installation with an enclosure, the tuel cell system compris-
ng:

a Tuel cell stack configured to produce an electrical output

from hydrogen gas and an oxidant;

a hydrogen storage device including a hydride bed having
a volume of hydrogen storage material, the hydrogen
storage material configured to selectively sorb hydrogen
gas for storage in the hydrogen storage device and to
selectively desorb hydrogen gas for delivery to the fuel
cell stack:

a hydrogen delivery conduit fludly connecting the hydride
bed to the fuel cell stack for delivering desorbed hydro-
gen gas to the fuel cell stack to produce the electrical
output;

a heat exchange system operatively connected to the
hydrogen storage device and configured to heat the
hydrogen storage matenal to desorb hydrogen gas for
delivery to the fuel cell stack, the heat exchange system
further configured to produce a cooled air stream from
the endothermic process associated with heating the
hydrogen storage material and desorbing hydrogen gas
from the hydrogen storage material, wherein the heat

exchange system 1ncludes a cooling conduit for deliver-

ing the cooled air stream to an interior of the enclosure of
the telecommunications installation of the energy-con-
suming device, and wherein the heat exchange system 1s
further configured to deliver a heated air stream to the
hydrogen storage device to heat the hydrogen storage
material to desorb hydrogen gas for delivery to the tuel
cell stack, wherein the cooled air stream and the heated
air stream form a closed loop heat exchange system
between the hydrogen storage device and the energy-
consuming device; and

a control system that controls the operation of the fuel cell

system using the method of claim 1,
wherein the control system 1s configured so that the fuel

cell system provides backup power to the energy-con-

suming device in response {0 a primary power source
becoming unavailable; and wherein the system further
comprises a fuel processor configured to generate
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hydrogen gas from a feed stream containing at least a
carbon-containing feedstock, the fuel processor opera-
tively coupled to the hydrogen storage device and the
fuel cell stack, the fuel processor configured to selec-
tively deliver at least a portion of the hydrogen as gen- 5

crated by the fuel processor to the hydrogen storage
device and the fuel cell stack.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 8,492,042 B2 Page 1 of 1
APPLICATION NO. : 12/629348

DATED : July 23, 2013

INVENTOR(S) : James A. Givens and Arne LaVen

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims

Column 29, Line 5, in the phrase “of the hydrogen as” please delete “as™ and insert
--gas-- therefor.

Signed and Sealed this
Twenty-fourth Day of September, 2013

3

Teresa Stanek Rea
Deputy Director of the United States Patent and Trademark Office
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